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In the context of Left-Right symmetry, we revisit the Keung-Senjanović production of right-handed
WR bosons and heavy neutrinos N at high energy colliders. We develop a multi-binned sensitivity
measure and use it to estimate the sensitivity for the entire range of N masses, spanning the standard
and merged prompt signals, displaced vertices and the invisible N region. The estimated sensitivity
of the LHC with 300/fb integrated luminosity ranges from 5 to beyond 7TeV, while the future
33(100)TeV collider’s reach with 3/ab extends to 12(26)TeV.
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The Standard Model (SM) of fundamental interactions
continues to be experimentally verified, and yet we are
short of having evidence for a mechanism providing mass
to neutrinos. At the same time, the weak interactions are
evidently parity asymmetric while the fermion sector ap-
pears to hint to a fundamentally parity symmetric spec-
trum. The Left-Right symmetric theories [1–3] address
these issues simultaneously. The minimal model (LRSM)
postulates that parity is broken spontaneously [2] along
with the breaking of the new right-handed (RH) weak
interaction SU(2)R. The breaking generates at the same
time a Majorana mass for the RH neutrino N and thus
also implies Majorana masses of the known light neutri-
nos via the celebrated see-saw mechanism [3, 4].
Although the scale of breaking is not predicted, the
Large Hadron Collider (LHC) would be especially fit for
probing this scenario, if the mass of the new RH gauge
boson WR were in the TeV range. Low energy processes,
in particular quark flavor transitions were since the early
times the main reason for a lower bound on the LR scale
in the TeV region [5–10]. Updated studies of bounds from
K and B oscillations [11] and CP-odd ε, ε′ [10] set a lower
limit of MWR & 3–4 TeV, depending on the measure of
perturbativity [12, 13] and barring the issue of strong P
conservation [14]. The bottom line is, there remains a
significant potential to discover the WR at the LHC or
future colliders, with the high scale hinted by tensions in
the kaon sector [15].
The golden such channel is the Keung-Senjanović (KS)
process [16], in which the Drell-Yan production of WR
generates a lepton and RH neutrino N that in turn de-
cays predominantly through an off-shellWR into another
lepton and two jets, as depicted in Fig. 1. Due to the
Majorana nature of N , this process offers the possibil-
ity of revealing the breaking of lepton number, with the
appearance of same sign leptons and two jets.
Pre-LHC studies of the KS process were performed by
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FIG. 1. The Keung-Senjanović process. The final state lep-
tons could be of same sign owing to the Majorana nature ofN .
The Drell-Yan production of WR and N may be dominated
by an off-shell W ∗R exchange.
ATLAS [24] and CMS [29]. Because the heavy neutrino
lifetime lN depends on its mass, the KS process leads to
substantially different signatures depending on mN . A
roadmap for different mN was performed in [30], using
the early LHC data, where transitions from prompt to
displaced and invisible signals were sketched out.
The standard region is the usual golden channel with
lN . 0.02 mm and two isolated leptons resulting in the
``jj signature that was revisited in [31, 32]. For lighter
N , it transitions into the merged region, where one lep-
ton and two jets merge into a single neutrino (or lepton)
jet [33], the `jN signature. Eventually, the neutrino be-
comes long-lived and the jet vertex becomes displaced,
`jdN ; we call this the displaced region [34–36]. The dis-
placed vertex may lie in the inner detector or even in
the external parts like calorimeters or muon spectrom-
eters. Finally, the invisible region covers the remaining
case when lN & 5 m decays outside of the detector. In
this work we systematically analyze all four relevant re-
gions and provide sensitivity estimates throughout the
entire parameter space.
Existing experimental searches address the standard
KS region [37–39], while searches for W ′ → `ν [40, 41]
apply to the invisible region. However, no active search
has been devoted to the merged and displaced regions so
far. The purpose of this work to provide an assessment
of the sensitivity of LHC in these cases and realistically
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2cover the entire mN range. We focus our search on WR
masses beyond the limit of ∼ 3.5TeV, already excluded
by the WR → jj search [42], and RH neutrino masses
that range from mN ∼ few GeV, in the invisible region,
to mN ≤ MWR beyond which the process becomes kine-
matically suppressed.
The mN region below ∼ 20 GeV is relevant for phe-
nomenology because of the connection between the KS
process at the LHC and the new physics contributions to
neutrinoless double beta decay, as studied in [43–45]. We
will return to this interesting connection below.
The work is organized as follows. In the following sec-
tion we review the kinematics and momentum scales in-
volved in the KS process, for both on-shell and off-shell
WR production, and describe the diverse resulting signa-
tures. In section II we study both prompt and displaced
regions by simulating the background and signal in order
to assess the sensitivity. In section III we study the in-
visible region where we recast the available search in the
lepton plus missing energy channel, and also provide the
sensitivity at future colliders. Section IV contains con-
clusions and an outlook, and a few Appendices contain
the analytical details as well as the detailed description
of the binning method used to assess the statistical sen-
sitivity.
I. THE KEUNG SENJANOVIĆ PROCESS AT
LHC.
The minimal LRSM is based on the weak gauge group
GLR = SU(2)L ⊗ SU(2)R ⊗ U(1)B−L and a symmetry
between the left and right sectors with equal gauge cou-
plings gL = gR. Correspondingly, quarks and leptons
are arranged in LR symmetric representations, qL,R =
(u, d)L,R and `L,R = (ν, e)L,R. The SU(2)R gauge sym-
metry is broken spontaneously at some high scale to-
gether with the discrete LR symmetry, and the new gauge
bosons WR, ZR acquire their masses at that scale. For
our purposes it is enough to consider the scale as MWR ,
which, for gL ≈ gR, is already limited to be larger than
∼ 3.5TeV by the di-jet searches [42]. This also ensures
the smallness of the mixing between left and right gauge
bosons, which plays no significant role in the rest of the
paper.
We are focusing on the search for theWR gauge boson,
which has the following charged-current interactions
gR√
2
[
V qR u¯R /W
+
RdR + V
`
R N¯ /W
+
R`R
]
+ h.c. (1)
where, suppressing flavour indices, V qR is the RH analog
of the Cabibbo-Kobayashi-Maskawa mixing matrix, and
V `R is the flavour mixing matrix of RH neutrinos N ≡ νR.
The RH quark mixing angles inside V qR are predicted in
the LRSM model to be equal or very near to the stan-
dard LH mixings [8, 9, 14, 48]. Potentially small devia-
tions play no significant role at colliders and we use the
standard CKM matrix for the quark sector.
With the KS process [16], the LRSM offers a golden
search for the new interaction mediated by WR in the
presence of N . Once WR is Drell-Yan produced, its de-
cay generates an on-shell N that further decays through
another off-shell W ∗R into two jets plus a lepton or anti-
lepton with equal probability, owing to its Majorana na-
ture (see Fig. 1). The whole process is kinematically
favored in the region MWR > mN .
In contrast to the quark sector, the leptonic mixing
matrix V `R is not predicted by the model. Instead, its
entries can be probed directly at the LHC. The KS pro-
cess allows to look for different leptonic flavours in the
``jj signature [22, 23]. At the same time, also chan-
nels mediated by the Higgs h or triplet Higgs ∆ can
be used to determine the heavy N Majorana mass ma-
trix. The Higgs option was dubbed the “Majorana Higgs”
program, where channels such as h → NN [17, 18] and
∆ → NN,h → ∆∆ → 4N [19–21] may be used to dis-
cover lepton number and flavour violation, and to mea-
sure the Majorana Yukawa couplings thereby discovering
the spontaneous origin of N masses.
Whichever is the source of information, measuring V `R
is essential to predict neutrino Dirac masses. Because of
the LR parity that is built in the theory, an unambiguous
connection between the Majorana and Dirac masses ex-
ists, which is transparent in the C [49] and slightly less so
in the case of P, see [50]. The connection in turn predicts
the Dirac couplings that can be observed at the LHC and
low energies [49].
The right-handed character of WR may be assessed
by analyzing the final states angular correlations [24], as
studied in [25] while invariant mass variables provide an
additional handle for disambiguation [26]. In addition,
the extent of the Majorana nature character of N can
be characterized by same versus opposite sign of dilep-
tons [27, 28].
Historically, searches [24, 29, 30, 37–39] focused on the
on-shell production ofWR. The LHC however, especially
in the designed high-luminosity phase, as well as future
colliders, have the capability of probing higher masses for
which the production may be dominantly off-shell (see
for instance [32], where the analysis focuses on heavy to
intermediate RH neutrino masses). Thus, in this section
we review the features of the KS process in generality by
describing the production of the prompt charged lepton
and N via an on- or off-shell WR, making explicit the
distribution of final states, which play a role in the LHC
sensitivity.
On- and off-shell Drell-Yan production of WR, N .
At the LHC the momentum available from parton con-
stituents is enough to produce an on-shell WR until
MWR . 4TeV, with the parton level cross section
σˆ
W±R
ij (sˆ) =
α2pi
2
3
∣∣V CKMij ∣∣2 δ (sˆ−M2WR) . (2)
For higher WR masses, the KS process takes place
through an off-shell W ∗R. Assuming for simplicity a diag-
onal coupling of WR with a single generation lepton and
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FIG. 2. WR invariant mass distribution (upper) and primary
lepton pT distribution (lower), for MWR = 4–7TeV (solid to
dotted). For increasing MWR the events on the on-shell WR
peak become negligible, and the off-shell regime with a low
invariant mass takes over. Similarly, the primary electron
transverse momentum is peaked at low values on the lower
plot.
RH neutrino, the parton level production cross section of
`N is
σˆ`Nij (sˆ) =
α22pi
72sˆ2
∣∣V CKMij ∣∣2 (sˆ−m2N)2 (2sˆ+m2N)(
sˆ−M2WR
)2
+M2WRΓ
2
WR
(3)
and we refer to Appendix B for details.
In the upper plot of Fig. 2 we show the distribution
of WR invariant mass for the `N production at LHC,
which shows that the transition between the two regimes
is gradual. The production clearly becomes dominated
by the off-shell contribution when MWR & 5TeV. One
sees that the s-channel energy involved is always below ∼
TeV, as the W ∗R exchange becomes a contact interaction.
A similar effect is seen in the momentum distribution
of N and that of the primary charged lepton `1, which
is progressively peaked at lower energies (lower plot in
Fig. 2). This has implications for the boost inherited by
the neutrino, and thus on its decay length to be analyzed
below.
Taking kinematics and PDFs into account, the pp →
WR → `N production cross section is shown in Fig. 3
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FIG. 3. Drell-Yan production cross section of pp →
W±R → `±N . For each indicated interaction energy,
the curves from upper to lower are relative to mN =
50, 100, 500, 1000,MWR/2, showing normal phase space sup-
pression. In addition, notice the relative enhancement of the
lighter mN curves for heavier WR, where the `N is produced
via off-shell intermediate WR. The bands represent the un-
certainty due to different PDF sets.
as a function of the WR mass and for a selection
of center of mass energies and N masses mN =
(50, 100, 500, 1000,MWR/2) GeV to cover both the light
N regime up to the standard KS regime.
While heavier mN are suppressed by phase space, for
larger MWR the off-shell process favors lighter Ns that
show a relative enhancement. Their production is still
significant via W ∗R, as long as there is sufficient energy
available from the parton distribution functions. This
has implications for the signals analyzed below.
Indeed, one observes that the regime of light neutrino
is particularly promising: already with an integrated lu-
minosity of 100 fb−1, hadron colliders can probe WR up
to scales comparable to the available center of mass en-
ergy. Keeping in mind the regime of light N , we review
the kinematics of its decay at the parton level and as seen
by the detector.
Neutrino width and displacement. The neutrino
width is dominated by the decay into a lepton and a
quark pair. Below the top mass, the width of N is well
approximated by
α22m
5
N
64piM4WR
∑
u,c;d,s
|V CKMud |2 '
1
2.5mm
(mN/10GeV)5
(MWR/3TeV)4
. (4)
In Appendix A we discuss the exact width, valid also for
heavier mN .
For progressively lighter N and heavier WR, the life-
time becomes on the order of meters and in the regime of
mN ∼ 10GeV the ratio ΓN/mN ∼ 10−12 becomes tiny,
leading to issues with event generation, as described in
Section II.
The decay length in (4) is further increased by the
boost from the WR decay. For instance, in case the WR
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FIG. 4. Left (right) plot: percentage of secondary lep-
tons passing the isolation requirements is shown by the solid
green(red) contours for the electron (muon) channel. Their
average displacement from N decay is shown in dashed black
contours, and the yellow shaded regions mark the prompt or
displaced N decays showing that ∼ 25% of electrons and %10
of muons are isolated below 100 GeV. The lower white region
corresponds to decays of N outside of the inner tracker at
& 30 cm or the entire detector & 5 m.
is produced on shell and practically at rest, the boost
is simply given by MWR/2mN . On the other hand, for
higher MWR the W ∗R is necessarily off-shell. Its invariant
mass is small but it still transmits momentum to the
primary lepton and to N from the originating partons
(see Fig. 2). For the LHC, these boost factors can be
approximated by
γN '
{MWR
2mN
, WR → on-shell,
1 TeV
mN
, WR → off-shell,
(5)
where the second estimate was performed by the Monte
Carlo study. For e.g. mN = 10GeV the boost factor
changes from a maximum of ∼ 250, to the asymptotic
∼ 100. Fig. 4 reports such laboratory decay length in-
cluding this transition.
Lepton isolation. For lower neutrino masses, the boost
factor reduces the angular distance between the sec-
ondary lepton and the final jet(s) originating from N
decay. As soon as this angle goes below the isolation
parameters required by the experimental detection, the
lepton is not recognized and gets included in the jet in-
stead.1 In Fig. 4 we display the percentage of surviving
isolated leptons for the LHC at
√
s = 13 TeV. We note
1 The isolation criterion for charged leptons were imposed by re-
quiring the ratio of charged lepton pT with respect to the sum
of pT of surrounding tracks to be larger than 0.15. The adja-
that for MWR & 5TeV, where WR is produced increas-
ingly off-shell, the N boost declines as in Eq. (5), such
that secondary leptons are more easily isolated.
Already for mN < 70 GeV where N decays start to be-
come visibly displaced, half or more of secondary leptons
are not isolated anymore. The standard ``jj case then
turns into a single isolated lepton and another jet contain-
ing the secondary lepton, `j. The important conclusion
here is that as mN is lowered, secondary leptons become
non-isolated before being displaced. Thus the secondary
lepton will be merged in a completely displaced merged
neutrino jet.
In summary, in the light neutrino mass regime, the sig-
nature of the process consists typically of a single prompt
lepton and another jet. While this final state does not
offer the handle of LNV, it does show a characteristic
displacement of the neutrino jet. Eventually for very low
RH neutrino mass, the entire displaced jet is generated
outside the detector and manifests as missing energy.
To analyze these different signatures, we separate the
cases in four regions as outlined in the introduction:
1. The standard KS region, which for LHC requires
mN &150–200GeV, features two leptons and two
jets (``jj). The leptons are of same sign in half of
the cases due to the Majorana nature of N , and the
invariant masses minv``jj and m
inv
`jj can reconstruct
the masses of WR and N .
2. The merged region where the signature is a prompt
lepton and a jet containing the products of N decay
including the secondary lepton (`jN ). The small
mass of N makes it difficult to reconstruct its mass
through the jN invariant mass. Still, MWR can be
identified via the invariant mass of minv`jN .
3. The displaced region where the merged neutrino
jet appears at a visibly displaced distance from the
primary vertex (`jdN ).
4. The invisible region where the jet appears outside
the detector and manifests itself as missing trans-
verse momentum (` /ET ).
The separation between the above regions is not sharp,
a fraction of events leaks from one region to another and
eventually results in overlapping exclusion regions.
II. THE STANDARD, MERGED AND
DISPLACED KS
In this section, we assess the reach of the LHC in the
standard, merged and displaced regions defined above.
We first discuss the intricacies of event generation and
the procedure for identifying the jet displacement at
cent tracks have a threshold pT of 1 GeV and fit in the cone of
∆R = 0.2 for electrons and 0.3 for muons.
5FIG. 5. A typical event featuring the prompt electron and
a merged jet on the opposite side, including the secondary
electron and constituent tracks from a ∼ 3 cm-displaced ver-
tex. Both electron tracks are drawn in red. (Picture produced
using the Delphes [63] event viewer.)
the detector level. We then describe the relevant back-
grounds and finally adopt a dedicated statistical proce-
dure for assessing the signal sensitivity, designed to deal
with correlated kinematical variables.
Event Generation. Commonly used multi-purpose
Monte Carlo event generators such as MadGraph are
well suited to simulate the standard KS region. How-
ever, difficulties appear in dealing with extremely nar-
row resonances, as is the case in the merged, displaced
and invisible regions where Γ/M ' 10−12 or less. The
difficulties are related to insufficient numeric precision as
well as to phase space integration coverage (see [46] for a
detailed discussion). To avoid these issues and generate
a reliable signal, we developed a custom event generator,
made available on [47] and described in the Appendix C.
It generates events at parton-level, including the case of
the off-shell WR as well as light or heavy RH neutrino.
The NLO corrections of WR production, are taken into
account with a K-factor that is well approximated by a
constant value of 1.3 (see [33] for a recent computation).
Events are finally hadronized using Pythia 6.
The presence of an energetic primary lepton ensures
triggering of the events, and leaves us with just the prob-
lem of identifying the possibly displaced jet.
Recognizing displaced jets. At detector level, we have
adopted the Delphes software [63], improved by devel-
oping a custom module for jet displacement recognition.
The problem of identifying the displacement of the jet
origin is quite nontrivial for a number of reasons, mainly
because inside of each jet a number of tracks with dis-
placed origin are typically always present (due to decays
of long-lived hadrons like e.g. B-mesons) and make part
of the jet sub-structure. Moreover, a number of soft
tracks are coming from the primary vertex processes that
usually accompany any displaced hard process. These
make it hard to detect its presence. A number of ap-
proaches to cope with these problems, i.e. to probe the
jet-substructure have been devised that suit particular
scenarios. The strategy that we adopt is as follows: jet
displacement is defined as the minimum displacement
among the tracks associated with the jet which have pT
larger than some threshold, calibrated to 50GeV. This
simple but robust algorithm reproduces the correct dis-
placement in 95% of the signal cases. In Fig. 5 we display
a typical event where the displaced jet can be recognized
by the displaced vertex from which its most energetic
constituent tracks are originating.
It is worth mentioning that in defining each track dis-
placement, also the smearing of the track vertex position
due to (momentum dependent) detector resolution was
implemented [58]). The minimal resolution is ∼0.01–
0.02–0.1mm, therefore below these values no displace-
ment can in any case be appreciated. We do not apply
extra suppression factors due to efficiency of displaced
vertex recognition. In this regard, we note that at dis-
placements between few millimeter and few centimeters,
vertex efficiency is typically large ∼ 80% [59], while a
dedicated vertexing algorithm may need to be imple-
mented to detect displacements below few millimeters.
On the other hand, we discard jets with displacement be-
yond 30 cm, for which the vertex reconstruction by track-
ing appears largely unfeasible.
Finally, momentum resolution is also important espe-
cially for muons, because for one it gets progressively
worse for large momentum ∼ TeV, and because the sec-
ondary muon can become part of the jet, thus contribut-
ing to its invariant mass. As a benchmark, we assume the
momentum resolution as studied in [60] for the ATLAS
detector.
Backgrounds. The dominant backgrounds contributing
to this process are production of single or double vector
bosons plus jets as well as production of tt¯ plus jets.2
While prohibitive to generate in full strength, we can
take advantage of the fact that due to Eq. (5) the par-
ton momenta in the signal are very rarely less than a
few hundred GeV. Thus the background can be efficiently
generated by imposing a cut of minimal pT > 150GeV
at parton level without loosing the signal. We use a sta-
ble version MadGraph 2.3.3, Pythia 6 and modified
Delphes 3 with the anti-kT jet clustering algorithm with
∆R = 0.3. The number of background events simulated
at generator level with the relative weights  1, as well
as the events recognized at detector level are:
background # generator weight # detector
V + 012j 22.46M 0.021 9.93M
V V + 012j 10.55M 0.0028 4.61M
tt¯+ 012j 10.47M 0.024 4.38M
These are strongly reduced to respectively 378k, 15.6k,
65k expected detector level events when restricting the
2 Additional backgrounds from so called jet fakes, i.e. jets misiden-
tified as leptons, are found to be negligible in [39] in the standard
KS region; in the merged and displaced regions its effect can be
suppressed by asking tight isolation of the prompt lepton.
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FIG. 6. Event distribution in pT and displacement of the hardest jet. Shown are background (gray) and signal (red) for some
sample values of MWR = 4, 6 TeV (upper, lower) and mN = 20, 60, 150 GeV (left to right). The distributions are exemplified
with a binning grid of 15×15, the increasingly dark shading referring to bins with respectively more than 0.1, 1, 10, 100 events.
relevant kinematical variables to their loose range of in-
terest (see below the first column of Table I). A basic cut
on pT (`) & 1TeV could reduce them further to ∼ 250,
20, 7, or even less without sacrificing more than 20% of
signal. Instead of adopting this rough procedure, we de-
scribe in the next paragraph a more efficient method of
assessing the sensitivity.
Assessing the sensitivity. Examples of event distri-
butions are reported in Fig. 6 in the plane of primary
lepton momentum versus hardest jet displacement. We
see that as the mass scales vary, the relative position of
signal and background changes. In particular, because
the jet displacement for the signal depends strongly on
mN , the signal region can overlap or instead be separated
from one or more regions dominated by backgrounds. In
situations like this, the effectiveness of the usual method
of devising selection cuts is limited.
For this reason, instead of adapting the selection cuts
to the values of model parameters, we prefer to devise
a simpler and more robust method to assess the sensi-
tivity. The method is a straightforward multi-bin gener-
alization of the usual s/
√
s+ b measure relative to sin-
gle bin Poisson-counting experiments. It combines single
bin sensitivities of a multidimensional grid as the sum
in quadrature, including the bins dominated by back-
grounds,
sensitivity Σ =
[ ∑
i∈bins
s2i
si + bi
]1/2
. (6)
In Appendix D we describe in detail the formal aspects
together with statistical and systematic uncertainties,
also commenting on the binning dependence.
The binning grid that we adopt here spans the vari-
ables as described in the first column of Table I, with
broad enough intervals. In choosing the number of bins,
we took care not to refine the binning below the resolu-
tion in the relevant kinematic variable(s). In the same
table we also report the effectiveness of successive bin-
ning procedures in different kinematical variables for a
selection of (MWR ,mN ). These are representative of the
regime of lepton non-isolation with jet displacement, the
standard KS regime with LNV, and also of on-shell versus
off-shell WR.
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FIG. 7. LHC sensitivity to the KS signal in the MWR – mN plane, for integrated luminosity of L = 300/fb. Left, green
(Right, red) frames show the sensitivity in the electron (muon) channel, obtained by combining the prompt ``jj signature
which features LNV as well as the displaced `jj signature. Contours show the LHC reach at 1, 2, 5, 10 σ C.L.
Electron Channel L = 300 fb−1 MWR : 4TeV 4TeV 4TeV 6TeV 6TeV 6TeV 6TeV
variable range # bins mN : 20GeV 300GeV 2TeV 20GeV 300GeV 2TeV 3TeV
pT (`1) {150, 4500}GeV 35 14.19 13.82 7.19 1.03 1.77 1.22 0.80
dT (j1) {0.001, 300}mm 100 17.57 14.04 7.60 2.02 1.91 1.38 0.97
#(jets) 1, 2, 3, 4 4 17.88 14.20 7.94 2.24 2.04 1.47 1.08
#(leptons) 1, 2 2 17.97 14.90 9.08 2.30 2.23 1.60 1.22
#(same sign) 0, 1 2 18.00 15.71 9.85 2.32 2.61 1.70 1.30
minv`1j1 {200, 8500}GeV 20 18.82 17.24 10.91 2.81 3.03 1.91 1.47
TABLE I. Grid binning variables and progressive sensitivities obtained with 300 fb−1, for a selection of points in parameter
space, representing the regimes of single lepton and displaced jet, single lepton and jet, and standard two leptons plus two jets.
Finally, the maximal statistical and systematic uncer-
tainty on the sensitivity can be quoted as±0.5 and±0.01,
as discussed in Appendix D.
The result of the analysis is shown in Fig. 7 for both
the muon and electron channel. Starting from below, i.e.
from the most displaced region, we see that as soon as the
displacement of neutrino decay can be detected by the
tracker, i.e. below 30 cm, displacement helps in raising
the sensitivity, which features a bump, for masses up to
mN ∼ 40–60GeV. Thus, in this region, even if LNV is
not observable, a very good sensitivity can be achieved
by discriminating on the jet displacement. The result is
a promising reach of more than 7TeV, at 95%C.L..
Just above, in the prompt but merged region with
150GeV . mN . TeV, the sensitivity is lower due to
phase space suppression. Nevertheless, as soon as gen-
uine LNV becomes observable, the presence of same sign
leptons acts as a complementary variable. In the stan-
dard KS regime where LNV helps, the combined effect
leads to a plateau up to circa mN ∼ TeV or 500GeV,
with sensitivity to circa MWR ∼ 6.5TeV at 95%C.L..
Above that, the KS process becomes increasingly sup-
pressed by kinematics and sensitivity drops.
III. THE INVISIBLE KS
A separate assessment can be provided for the region
where N decays outside of the detector. In fact, in
this region a very clean signature appears with a high-
pT charged lepton and significant missing energy carried
away by N . This happens for fairly light mN . 10GeV,
which may be motivated by having a warm DM candi-
date [61].
The simple 2 → 2 kinematics of the process allows
for a straightforward recast of the existing W ′ → `ν
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FIG. 8. The `+missing energy channel. Left: exclusion region with present LHC data, recast from [41]; the average boosted
N lifetime is also shown as dashed lines. The difference in electron and muon channels is due to the difference in measured
events. Right: reach of this channel for 14, 33, 100TeV center of mass energy; muon and electron channel basically coincide.
searches [40, 41], as well as sensitivity estimates for future
colliders. To this end, it is useful to compute the distri-
bution over mT = 2pT for signal events with N decaying
outside the detector radius, taken to be l0 = 5m
dσ
dmT
= α22
pi
24
pT
∫ 1
τ−
∫ 1
τ−
x1
dx1,2
(
sˆ−m2N − 2p2T
)± 1√
(sˆ−m2N )2 − 4p2T sˆ
e−l0/L± ε±` (pT , η`)
(sˆ−M2)2 + (ΓM)2 |VudV`N |
2
fu(x1,2)fd(x2,1),
(7)
where τ− = 1s
(
m2N + 2p
2
T + 2pT
√
m2N + p
2
T
)
and sˆ =
x1x2s. The sum goes over u, d quarks, both lepton
charges and the two tˆ branches
tˆ± =
sˆ (τ0 − 1)
2
(
1±
√
1− 4p
2
T
sˆ(τ0 − 1)2
)
, (8)
with τ0 = m2N/sˆ. The lab frame decay length
L =
pT
mN ΓN
√
1 +
(
1 +
m2N
p2T
)
sinh(ηN )2, (9)
is given by pT and exp(2ηN ) = −x1/x2
(
1 + sˆ/tˆ
)
. The ε`
are experimentally determined charged lepton efficiency
maps usually given in the pT −η` plane, with exp(2η`) =
−x2/x1
(
1 + sˆ/(tˆ−m2N )
)
.
The main backgrounds to this process are the SM sin-
gle W , top quark and multi-jet production. Integrat-
ing (7) in the entire mT ∈ [3 − 7]TeV bin and taking
the corresponding background from [41], the exclusion in
the MWR −mN plane is obtained and shown on the left
panel of Fig. 8 and reproduced below in the comprehen-
sive Fig. 9.
Because of the exponential tail and the boost factor,
the limit extends to a very small proper decay length of
N below 1 cm and thus covers the range of mN well in
the O(10GeV range for the LHC, as seen in Fig. 8. Of
course, in the mN → 0 case, the extremal limit in [41] is
reproduced.
The limits in the electron and muon channels differ
due to the difference in the observed data events, not so
much due to the efficiencies or backgrounds. In addition
to e and µ, the τ channel search was also performed by
the CMS collaboration [40]. However, because of lower
luminosity used in the search as well as a slightly lower
efficiency, the bound goes only up to 3.3 TeV and is not
yet competitive with the di-jet limit.
Due to the cleanliness of the ` /E final state, the pro-
cess provides excellent sensitivity toWR, going almost to
the kinematical endpoint of 6.5TeV for the HL-LHC pro-
gram with
√
s = 14 TeV and 3 ab−1, see Fig. 8. In order
to estimate the sensitivity the background mT bins were
rescaled to proper energies and the global sensitivity for-
mula in Eq. (6) was used. Assuming the same collected
luminosity, the future
√
s = 33(100)TeV pp machines
would cover the WR masses up to MWR < 13.5(33)TeV
and mN . 120(250)GeV, well in the O(100)GeV region,
as seen on the right panel of Fig. 8.
IV. CONCLUSIONS AND ROADMAP
The case of a TeV-scale Left-Right symmetric extension
of the Standard Model, which provides a complete the-
ory of neutrino masses and an understanding of the origin
of parity breaking, still resists as a viable case, notwith-
standing the rapid progress of LHC in probing and ex-
cluding the scales of new physics. The main channel for
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.
discovering the RH gauge boson WR in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp → WR → `N → ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.
In this work we reconsidered this process and addressed
the regime of light N (mN . 100GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.
To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-
tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `jN . 3) a displaced region, for
mN ∼ 10 − 100GeV, in which the merged jet jN is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for mN . 40GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.
We assessed the reach in all these regions by scanning
the mN , MWR parameter space, up to O(10) TeV. For
WR masses beyond ∼ 5TeV the process is dominated by
the off-shell W ∗R production, and we noted that, by this
mechanism, for mN . 500GeV the final cross section
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gets an enhancement (see Fig. 3) due to the typical W ∗R
invariant mass ∼ TeV (see Fig. 2). This eases probing
the light-N region with respect to previous studies.
The results are summarized in the comprehensive
Fig. 9. The analysis of the novel displaced region is of-
fered for the first time in this work and shows that by
using the decay displacement as a discriminating vari-
able this region has a very promising highest potential of
detection, reaching up to MWR ' 7–7.5TeV.
In order to carry out the above analysis the following
procedure was adopted. After noting that multipurpose
event generators do not deal well with long lived particles,
we developed a dedicated generator (see Appendix C and
[47]). This was followed by standard Pythia hadroniza-
tion and showering. Also detector simulation had to be
updated by developing custom Delphes modules, in or-
der to realistically detect the jet displacement (see sec-
tion II). See [46] for additional details.
The basic signature of at least one energetic prompt
lepton plus one possibly displaced jet ensures triggering
and allowed us to estimate the relevant background of
vector boson(s) plus jets, as described in section II.
The interplay between the primary lepton momen-
tum, jet displacement and other variables calls for an ad
hoc procedure for assessing the LHC sensitivity, whereas
standard selection cuts would be cumbersome and in-
effective. We devised a simple and robust statisti-
cal method which generalizes the s/
√
s+ b measure to
binned distributions, and also cross checked it versus the
more sophisticated method using Multi Variate neural
networks. The results were broadly consistent but even
better in sensitivity with respect to the neural network
approach, which is also much slower.
In Fig. 9 we report the expected sensitivity in the elec-
tron channel as analyzed in this work, and collect all
present constraints. These include the current KS search
from CMS [38] and ATLAS [37] and the WR → jj [42]
excluding up to MWR . 3.7TeV. A similar sensitivity
on ZLR from dilepton bounds was reported in [67], while
the h, Z ′ → NN were studied in the context of a related
B − L model [68–70].
In the lower-left part of the plot, we add the region
connected with 0ν2β-decay, showing both the parame-
ter space excluded by current probes [71, 72] as well as
sensitivity of the next round of experiments. The rele-
vant parameter space coincides by now with the lowest
neutrino masses, i.e. with the invisible region.
The prospects for detection at LHC in the three stan-
dard, merged and displaced regions are put together as
the green shaded areas for 2, 5, 10σ sensitivity. The up-
per part of this contour traces the standard KS case of
the ``jj signature, while in the lower part the displace-
ment helps in raising the sensitivity.
In the intermediate merged region, for which 0.01 <
mN/MWR < 0.1, i.e. mN ' 50–500GeV before the on-
set of displacement, we obtain a promising sensitivity to
MWR ' 6.5TeV, at 2σ C.L.. This region was analyzed
also by the first study [24], reporting a limiting sensi-
tivity to ∼ 6TeV, and also by the recent work [33] that
reported a lower figure, circa 5.2TeV. Having checked
that the relevant simulated backgrounds are equivalent,
we attribute the improvement to our new binning pro-
cedure replacing the usual kinematical cuts. This region
is also sensitive to complementary searches at the LHeC
electron-proton collider with a prompt jet and (possibly
displaced) ejj vertex [73].
With an orange area we report the analysis of the in-
visible region, obtained by recasting the current search
for W ′ in the `E/ signature. It covers the region of
mN . 40GeV, and we can presently exclude up to
MWR < 5TeV. With 300/fb of integrated luminosity
LHC will be able to exclude up to circa 5.7TeV.
The most prominent feature of our results is a sensible
improvement of the sensitivity as soon as the jet displace-
ment is effective as a discriminating variable, see Fig. 7
for both muon and electron channels. For displacements
of the order of 10mm, one can probe MWR as large as
∼ 7(7.5)TeV in the electron(muon) channel. For dis-
placements below few mm the sensitivity could be even
larger, as shown by the bump in Fig. 9 but a realistic as-
sessment of the vertexing capabilities should be carried
out in the concrete detector environment.
While there are no existing experimental searches that
directly address the displaced vertex region, a very re-
cent study was performed in [74] by recasting to an ex-
isting ATLAS search for displaced vertices and missing
energy [59]. The authors find the existing search has
poor sensitivity, and propose a relaxed Ntrk and mDV
requirements to significantly enhance the efficiency. The
region of interest for that search is for mN below 40 GeV,
where the invisible decay proves to be more competitive,
see the lower part of Fig. 9. Nevertheless, an improve-
ment in sensitivity and going below the fiducial 4mm
displacement to access higher mN seems promising.
From the above results one can conclude that if one
extends the current searches by considering also displace-
ment of jets, in a realistic range up to 30 cm, the LHC
search for the KS process can reach a sensitivity up to
7–8TeVat 95%C.L., for RH neutrino masses down to
∼ 20GeV.
Further improvements in the recognition of even more
displaced jets, like so called emerging jets, or displaced
muons as distant as the muon chambers are also subject
of current study [75], and they could extend the sensitiv-
ities to even lower RH neutrino masses.
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Appendix A: Width of N
Computing the three-body decay width becomes involved
when masses of decay products have to be taken into ac-
count. In the case of N decaying into a lepton and a
quark pair, further complications arise in the squared am-
plitude when mass of N becomes comparable with mass
of WR, since the invariant mass of the quark pair cannot
be neglected.
However, the width can be computed numerically. Full
squared amplitude, although lengthy, is straightforward
to calculate (using FORM, for instance) and phase space
can be split into two pieces: two-body decay of N into
lepton and WR, and decay of WR into a quark pair. This
introduces a nontrivial integral over invariant mass q2
of a quark pair and over the solid angle dΩ∗ of one of
the quarks in the rest frame of WR. After boosting the
quarks into the rest frame of N , the integral over dΩ is
simple, since the squared amplitude is a polynomial in
cos θ. The width of N for decaying into a lepton of mass
ml and quark pair with masses m1 and m2 is then
dΓ
dq2
=
α22Nc
128pi
1
mN
(
q2 −M2WR
)2
× λ 12
(
m2l
m2N
,
q2
m2N
)
λ
1
2
(
m21
q2
,
m22
q2
)
A(q2),
(A1)
where A(q2) is the spin-averaged amplitude with angular
dependency integrated out (coupling constants and scalar
part of WR propagator are pulled out) and λ(x, y) =
1 + x2 + y2 − 2x − 2y − 2xy. The remaining integral
over q2, (m1 + m2)2 ≤ q2 ≤ (mN −ml)2, can be easily
evaluated numerically to a very high precision.
Appendix B: N production with off-shell WR
We collect here the cross section of the KS process via
on- and off-shell WR. For ease of notation the mass and
width of WR are denoted in this section as M and Γ.
On-shell WR production.
σˆij(sˆ) =
α2pi
2
3
∣∣V CKMij ∣∣2 δ (sˆ−M2) , (B1)
σ =
α2pi
2
3s
∑
i=u,c
j=d¯,s¯
∣∣V CKMij ∣∣2 1∫
M2
s
dx
x
fij
(
x,
M2
xs
,M2
)
. (B2)
N production cross section. The rate for the process
ui(k1) + d¯j(k2)→W+R → l+(p1) +N(p2), (B3)
where ui is up-type quark and d¯j is down-type antiquark,
at the parton level is
dσˆij
dtˆ
=
α22pi
12sˆ2
∣∣V CKMij ∣∣2 tˆ(tˆ−m2N )(sˆ−M2)2 +M2Γ2 . (B4)
In the parton CMS frame, sˆ = (kˆ1 + kˆ2)2, and
tˆ = (kˆ1 − pˆ1)2 = − sˆ−m
2
N
2
(1− cos θ) , (B5)
where θ is the angle between kˆ1 and pˆ1. The total parton-
level cross section is then
σˆij(sˆ) =
α22pi
72sˆ2
∣∣V CKMij ∣∣2 (sˆ−m2N )2 (2sˆ+m2N)(sˆ−M2)2 +M2Γ2 . (B6)
To obtain inclusive rates, convolution with parton distri-
bution is needed,
σ =
1∫
m2
N
s
dx1
x1
x1s∫
m2N
dsˆ
s
∑
i=u,c
j=d¯,s¯
σˆij(sˆ) fij
(
x1,
sˆ
x1s
;Q2
)
, (B7)
where
√
s is the center of momentum energy in laboratory
frame,
fij(x1, x2;Q
2) = fi/p(x1;Q
2)fj/p(x2;Q
2)
+ fi/p(x2;Q
2)fj/p(x1;Q
2),
where fi,j/p(x;Q2) are parton distribution functions eval-
uated at momentum fraction x and factorization scale
Q2 = sˆ (default in MadGraph for KS process). Differ-
ence between production of W+R and W
−
R is only in the
parton distributions.
Relevant (kinematical) distributions can easily be de-
rived from (B4) and (B6) by inserting the appropriate
δ-functions, for instance
dσˆ
dy
=
∫
dσˆ
dtˆ
δ
(
y − g(tˆ)) dtˆ. (B8)
WR invariant mass distribution. Invariant mass dis-
tribution for WR is simply
dσˆij
dM2
= σˆij(sˆ) δ(M
2 − sˆ) (B9)
and then
dσ
dM2
=
∑
i=u,c
j=d¯,s¯
σˆij(M
2)
1∫
M2
s
dx1
x1s
fij(x1,
M2
x1s
;Q2). (B10)
Prompt lepton p
T
distribution. Transverse momen-
tum distribution for the prompt lepton is obtained by
inserting
1 =
|p1|∫
0
dp
T
δ(p
T
− |p1| sin θ) (B11)
into (B4) and integrating over tˆ,
dσˆij
dp
T
=
α22pi
6
∣∣V CKMij ∣∣2 pT√
(sˆ−m2N )2 − 4sˆp2T
× sˆ− 2p
2
T
−m2N
(sˆ−M2)2 +M2Γ2 .
(B12)
12
The convolution with parton distributions gives then
dσ
dp
T
=
1∫
ε2
T
s
dx1
x1
x1s∫
ε2T
dsˆ
s
∑
i=u,c
j=d¯,s¯
dσˆij
dp
T
fij(x1,
ε2
T
x1s
;Q2), (B13)
where ε
T
= p
T
+
√
p2
T
+m2N .
Appendix C: Generation of events for small N width
The cross section for the full KS process
qi(k1)q¯j(k2)→ l±(p1)l±(p2)j(p3)j(p4) (C1)
can be written as
σ =
∫
dx1dx2
∑
u,d,h
σˆud,h(x1, x2)fud(x1, x2, Q
2), (C2)
where σˆud,h is the partonic cross section with quark fla-
vors u and d and helicity configuration denoted by h. The
phase space in σˆud,h can easily be split into a sequence
of 2-particle ones, for example
dΦ(k1 + k2 →
∑4
1 pi) = dΦ(k1 + k2 → p1 + q234)
dΦ(q234 → p2 + q34)dΦ(q34 → p3 + p4)dq
2
234dq
2
34
(2pi)2
,
(C3)
and each of them is simply
dΦ(P → p1 + p2) = 1
8pi
λ
1
2
(
p21
P 2
,
p22
P 2
)
dΩ
4pi
, (C4)
where dΩ = dφ dcos θ is the solid angle of p1 or p2 in the
rest frame of P with respect to some axis, most conve-
niently taken in the direction of P. In order to generate
the events, angles and invariant masses in (C3), as well
as parton momentum fractions, x1 and x2 are randomly
sampled. Eq. (C3) corresponds to one possible phase
space mapping, given by the kinematical structure of a
diagram(s) describing the process.
Difficulties in Monte Carlo event generation of the KS
process arise from the sharp (and dominant) peak in the
invariant amplitude coming from a very small width in
the neutrino propagator. Adaptive integration methods
may not be able to handle such extreme cases, however
this problem can be easily solved by sampling the ap-
propriate phase space variables according to the Breit-
Wigner distribution (importance sampling).
Since KS process consists of multiple subprocesses (he-
licity combinations, ingoing and outgoing quarks) each
with one diagram for opposite sign leptons or two di-
agrams for same sign leptons in the final state, events
are generated using the multichannel method. Each
channel corresponds to a specific subprocess and phase
space mapping for different diagrams and carries a weight
αi and a probability density gi(x), such that g(x) =
∑
i αigi(x) and
∑
i αi = 1, where x are phase space
variables. Weights αi are thus probabilities of select-
ing different channels and can be optimized during event
generation fo better performance [64]. A suitable way to
optimize αi was proposed in [65], by introducing a basis
of functions
f(x) =
∑
i
fi(x), fi(x) =
|Mi|2∑
j |Mj |2
|Mtot|2 , (C5)
where Mtot =
∑
iMi. The integral is now the sum
of contributions with different peaking structures (con-
tained in the amplitudesMi),
I =
∫
dx f(x) =
∑
i
∫
dx gi(x)
fi(x)
gi(x)
=
∑
i
Ii, (C6)
and optimized weights are αi = Ii/I. This approach
avoids the evaluation of all gi(x) for every point in phase
space and the complications related to the correlations
between αi when the number of channels is large.
For the event generation software, as well as custom
detector simulation and analysis, visit te web site [47].
Appendix D: Assessing sensitivity
It is a common problem, prior to having experimental
data available, to assess the sensitivity of an experiment
to a given hypothesis of new physics, defined as the num-
ber of signal (s) events expected on top of a number of
background (b) events. These may be single numbers as
in a simple counting experiment, or binned distributions
in relevant kinematical variables like in the present case.
In a (Poisson) counting experiment, equivalent to the
case of a single bin, it is customary to define the sensi-
tivity as s/
√
s+ b. This can be understood as a measure
of the “separation” between the expected distributions in
the hypotheses of background-only and background plus
signal (see below).
In the case of more bins distributed in one or more
kinematical variables, the usual procedure is to define
cuts that exclude regions in which backgrounds domi-
nate, and finally assess the surviving number of signal
and background events (Stot, Btot). The choice of cuts
must be optimized in order to maximize the global sen-
sitivity e.g. Stot/
√
Stot +Btot. This procedure can be-
come quite complex with an increasing number of vari-
ables and if the region that one would like to cut has a
nontrivial shape in their multidimensional space. Some-
times the procedure of cutting away the high-background
low-sensitivity bins is even impossible.
Consequently, one can ask whether one could just de-
fine a measure that automatically weighs the various bins
according to their contribution to the sensitivity. The an-
swer is simple and amounts to adding in quadrature the
sensitivities associated to each bin, such that the global
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sensitivity is defined as (6)
sensitivity Σ =
[ ∑
i∈bins
s2i
si + bi
]1/2
, (D1)
where si, bi are the expected number of signal and back-
ground events in each bin and we stress that the sum runs
on the full grid of bins in the multidimensional space of
kinematical variables. The resulting method is able to as-
sess the global sensitivity of the experiment in a straight-
forward manner without having to impose cuts.
We discuss here first the formal justification, then the
statistical uncertainty on this measure, as well as the
systematics due to different binning.
For a Poisson counting experiment with expected num-
ber of events µs+ b, the likelihood function is
L(µ) =
(µs+ b)n
n!
e−(µs+b), (D2)
where s (b) is the number of signal (background) events
and µ is the signal rate parameter, i.e. µ = 0 corresponds
to the background only hypothesis, while µ = 1 to the
signal plus background hypothesis. The maximum like-
lihood estimator of µ is µˆ = (n − b)/s and has clearly
expectation E[µˆ] = µ, while its variance is
V [µˆ] = E[µˆ2]− E[µˆ]2 = µs+ b
s2
. (D3)
At µ = 1 (signal hypothesis) the standard deviation of
the estimator µˆ is σµˆ =
√
s+ b/s and thus s/
√
s+ b can
be interpreted as the expected significance with which
one could reject s if the signal is absent [66].
One can proceed similarly in the case of more bins, but
it is useful to first rescale µ into ν = µ s/
√
s+ b such that
the likelihood is
L(ν) =
(ν
√
s+ b+ b)n
n!
e−(ν
√
s+b+b) (D4)
and the estimator is νˆ = (n−b)/√s+ b. This has clearly
expectation ν = sµ/
√
s+ b and variance (ν
√
s+ b +
b)/(s + b). In the hypothesis of signal, expectation is
s/
√
s+ b and variance is 1.
Now we consider together all (uncorrelated) bins. In
the case of signal the distribution of the vector {νˆi} is
centered at position {si/
√
si + bi}, still with unit vari-
ance 1 in each dimension. So, the distribution of {νˆi} in
the case of signal is peaked there, inside a “hypersphere”
of radius 1. On the other hand, the case of no signal is
represented by the origin, {νˆi = 0}.
Thus, the definition of sensitivity in (6) represents the
distance of the origin from the center of the unit hyper-
sphere, and it can indeed be taken as a measure of the
significance with which one can exclude the signal in case
of no signal. The sum in quadrature in (D1) takes con-
tributions from the bins where significance is high, and
negligible increase from the bins with no signal or domi-
nant background, as it has to be.
Uncertainty in sensitivity. Let us briefly discuss the
statistical and systematic uncertainties which affect the
sensitivity measure (6).
We can discuss the statistical uncertainty, if the distri-
bution in bins remains smooth as binning is refined, i.e. if
locally s, b ∼ 1/Nbins. In this case, for each bin the uncer-
tainty on its contribution to the sensitivity, s2i /(si + bi),
is [s3i (4bi + si)/(si + bi)3]1/2, such that the uncertainty
on Σ is obtained by summing in quadrature all bins and
is
σstat (Σ) =
1
2Σ
[∑
i
s3i (4bi + si)
(si + bi)3
] 1
2
(D5)
Notice that all terms in the sums in (6) and (D5) scale
as ∼ 1/Nbins, so the final statistical uncertainty is not
increased with finer binning.
More interesting is the systematic error that can arise
when, in refining the binning, one hits the limit of
smoothness of the distribution. Typically this happens
first for the background, that may be simulated with less
statistics, due to the higher required computing time.
One can ask what happens in case in some region of
parameter space this overbinning leads to a background
events concentrated in isolated bins, while the signal is
still smooth. In this case, the contribution to the sum (6)
will contain an increasingly larger number of bins with
just signal, increasing the sensitivity, plus a fixed number
of bins with background. As a limiting example, let us
describe the case in which in a region with total events
S and B, all background is concentrated in a single iso-
lated bin, while the signal still scales as 1/Nbins. For
simplicity we assume also that in this region the signal
distribution is constant, si = S/Nbin. In the limit of very
fine binning the isolated background bin disappears from
the final result of the sensitivity:
Σ1 = [A+ S]
1/2
, (D6)
where A represent the contribution of the rest of the bin.
This should be compared with the standard smooth back-
ground case:
Σ =
[
A+
S2
S +B
] 1
2
. (D7)
The difference between these two is an estimate of the
systematic error induced by overbinning the background,
and it can be approximated as (for non negligible Σ):
σsyst (Σ) ' 1
2Σ
BS
B + S
' 1
2Σ
min(B,S) . (D8)
From this result one finds that the systematic error can
be quite small even with large B: indeed, if S is small in
the regions where there is isolated background B, there
is small contribution to the sensitivity and also to the
uncertainty.
14
Similar to what is done in the MVA analysis (see e.g.
[76]) the optimal approach would be to estimate the mag-
nitude of S by exploring a region around isolated back-
grounds, in order to check whether an increased contri-
bution to the uncertainty is indeed present or not, and
wether a more coarse grained binning would be needed.
To delimit the regions where the background has iso-
lated bins is however a typically hard task, and thus it
is difficult to asses the relevant S. Fortunately, from
(D8) we note that it is actually sufficient to limit the
value of B, i.e. of the total number of background events
that remain in isolated bins. In this way one can control
the systematic uncertainty, albeit overestimating it. The
consequent upper limit is the figure of merit which we
quote in the table in the text,
σsyst (Σ) < Bisolated/2Σ , (D9)
in order to make sure that overbinning of background has
negligible impact on our results.
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